The authors investigated the effect of charcoal smoke exposure on risks of acute upper and lower respiratory infection (AURI and ALRI) among children under age 18 months in Santo Domingo, Dominican Republic (1991 -1992 . Children living in households using charcoal for cooking (exposed, n ¼ 201) were age-matched to children living in households using propane gas (nonexposed, n ¼ 214) and were followed for 1 year or until 2 years of age. Fuel use and new episodes of AURI and ALRI were ascertained biweekly through interviews and medical examinations. Household indoor-air concentration of respirable particulate matter (RPM) was measured in a sample of follow-up visits. Incidences of AURI and ALRI were 4.4 and 1.4 episodes/child-year, respectively. After adjustment for other risk factors, exposed children had no significant increase in risk of AURI but were 1.56 times (95% confidence interval: 1.23, 1.97) more likely to develop ALRI. RPM concentrations were higher in charcoal-using households (27.9 lg/m 3 vs. 17.6 lg/m 3 ), and ALRI risk increased with RPM exposure (10-lg/m 3 increment: odds ratio ¼ 1.17, 95% confidence interval: 1.02, 1.34). Exposure to charcoal smoke increases the risk of ALRI in young children, an effect that is probably mediated by RPM. Reducing charcoal smoke exposure may lower the burden of ALRI among children in this population.
Acute respiratory infections account for over 6% of the global disease burden and 7% of all deaths (1) . A number of studies have suggested that exposure to domestic smoke from biomass fuels (e.g., charcoal, wood, dung, and crop residues) increases the risk of respiratory problems such as persistent cough in adults (2) (3) (4) (5) and acute lower respiratory infections in young children (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Cooking with biomass fuels inside poorly ventilated houses can result in indoor environments where daily average and peak air concentrations of pollutants such as particulate matter, nitrogen oxides, carbon monoxide, formaldehyde, benzene, 1,3-butadiene, and polycyclic aromatic hydrocarbons (17) greatly exceed levels regarded as safe (18, 19) .
Charcoal combustion results in lower pollutant emission levels than combustion of other types of biomass fuels and seems to be associated with fewer respiratory symptoms (3, 18, 20) . Consequently, a shift to charcoal from other biomass fuels has been suggested as a possible approach for reducing the impact of indoor biomass smoke on respiratory illnesses (7) . However, the potential reduction in children's risk of acute respiratory infection by this approach is uncertain because of the limited information on the respiratory effects of charcoal smoke. The majority of published studies have evaluated the health effects of wood smoke exposure instead of charcoal smoke (21) . Moreover, proxy measures of exposure, including cooking fuel or stove type (10, 11, 15, (22) (23) (24) and regular carriage of the child on the mother's back while cooking (9, 14, 16) , have often been used rather than actual measures of pollution concentrations. Although levels of respirable particulate matter (RPM) were measured in 2 studies (7, 13) , wood was the primary fuel in both, and RPM concentrations were several times higher than those typically observed with charcoal.
We evaluated the relation between exposure to indoor charcoal smoke and risks of acute upper respiratory infection (AURI) and acute lower respiratory infection (ALRI) in a cohort of children from the Dominican Republic. We longitudinally monitored the type of fuel used, levels of indoor air pollution, and the incidence of acute respiratory infection in children under 2 years of age.
MATERIALS AND METHODS

Research location
The study took place in Domingo Savio, a low-income residential neighborhood in Santo Domingo, Dominican Republic. Santo Domingo has a tropical climate, with an average yearly rainfall of 138 cm and little variation in average monthly temperature (24°C-27°C) (http://www.weather. com/). Domingo Savio is characterized by a high population density, with 2-and 3-room houses scattered along dirt roads, though motor vehicle traffic is minimal. The area often floods during the rainy season, and many households lack consistent access to safe water and adequate sanitation.
Sampling frame construction
Field-workers visited each of the 8,246 households in Domingo Savio to ascertain cooking fuel type, active smoking status, and the numbers and ages of all children. We excluded households without children under 18 months of age or with a current smoker (n ¼ 7,355) from the sampling frame. An additional 24 households that used neither charcoal nor propane gas for cooking and 41 households that did all of their cooking outdoors were also excluded. Out of 732 children under 18 months of age in 826 households, 275 lived in homes where charcoal was used for cooking. We selected the youngest child from each household, resulting in a cohort of 201 exposed children. From the remaining 457 children, who lived in homes where propane gas was used for cooking, we selected a nonexposed cohort of 214 children, each from a different household and individually matched within 1 month of age to an exposed child. We estimated that a sample size of 230 exposed children and an equal number of nonexposed children would provide 80% power to detect as statistically significant (P < 0.05) a relative risk greater than or equal to 2.0.
Data collection
Field research began in 1991 and continued until late 1992. The study was approved by the institutional review board of the Johns Hopkins School of Hygiene and Public Health (Baltimore, Maryland), and written informed consent was obtained from the parents or legal guardians of study children, resulting in a 100% parental consent rate. We collected baseline data on sociodemographic variables, cooking fuel use, and amounts of time the child spent in the kitchen, in the bedroom, and outside. We verified information on birth date and birth weight using birth identification tags and hospital records. We then conducted a follow-up evaluation once every 2 weeks to ascertain changes in cooking fuel, passive smoking, or breastfeeding status and any incident episodes of acute respiratory infection occurring during the previous 2 weeks. Body weight was measured every 2 months. Each child was followed for 1 year or until he or she reached 2 years of age.
Exposure
During the follow-up evaluations, we collected data on cooking fuel type and amounts of time the child had spent in the kitchen, in the bedroom, and outdoors since the last visit. We conducted bimonthly measurements of indoor concentrations of respirable suspended particles-that is, particles meeting a size selection criterion specified by the American Conference of Governmental Industrial Hygienists (25) . Respirable dust samples have a 50% cut size of 4 lm (particulate matter with an aerodynamic diameter less than or equal to 4 lm (PM 4 )). Half of the RPM measurements were conducted in the kitchen and half in the child's bedroom. We sampled for approximately 10 hours per sampling day, using 37-mm polyvinyl chloride filters and a 10-mm nylon cyclone preselector connected to a battery-operated Gilian sampling pump (Sensidyne, Inc., Clearwater, Florida). The data were analyzed according to the US National Institute of Occupational Safety and Health's Method 0600 (26) . Pumps were calibrated before each sampling day using a Minibuck soap-bubble air-flow calibrator (A. P. Buck, Inc., Orlando, Florida). Gravimetric analysis was performed using a Cahn Electrobalance (Cahn Instruments, Paramount, California) with an accuracy of 0.1 lm at the Johns Hopkins School of Hygiene and Public Health for determination of RPM mass, which was then used to calculate a time-weighted average concentration of RPM (expressed as lg/m 3 ) for each room sampled. We submitted 12% of the samples as field blanks.
We estimated the average biweekly personal exposure (E ij ) of each child (i) at each follow-up visit (j) on the basis of mean RPM concentration in the kitchen and the bedroom (RPM ijk ) and the average amount of time the child spent in these microenvironments and outside the home (i.e., E ij ¼ P k (RPM ijk 3 time in environment k). We used quintiles of E ij for data analysis. We also defined 3 exposure classifications using survey data: 1) baseline exposure, 2) follow-up exposure, and 3) overall exposure. Baseline exposure was defined as the type of cooking fuel reported at baseline (charcoal vs. gas). Follow-up exposure was defined as the type of cooking fuel used during the 2 weeks preceding a follow-up visit (charcoal vs. gas). Overall exposure was defined as the general pattern of cooking fuel used throughout the entire follow-up period (i.e., households that used charcoal at least 70% of the time were defined as charcoal users; those that used gas at least 70% of the time were defined as gas users; and those that alternated between charcoal and gas at least 30% of the time were defined as charcoal/gas users). infection using World Health Organization protocols (27) . We examined children whose mothers reported them sick or who were found to have a cough, fever, or diarrhea during a follow-up visit and referred seriously ill children to the Robert Reid Cabral Children's Hospital for pediatric care. We determined respiratory rate (breaths per minute) by averaging 3 1-minute measurements of respiratory frequency. An ALRI episode was defined as an illness characterized by wheezing, tachypnea, retraction, or stridor ascertained by physical examination. An AURI episode was defined as the presence of at least 2 of the following signs or symptoms: runny nose, cough, fever, or ear secretion, as reported by the mother or identified by physical examination in the absence of ALRI signs or symptoms. These definitions are similar to those used in other studies (7, 28, 29) . A pediatrician reviewed each episode and made the diagnosis and classification of all episodes of respiratory illness.
Statistical analysis
We estimated the incidences of AURI and ALRI by allocating person-time at risk for each child up to the final observation day (excluding time during an AURI or ALRI episode). Consecutive episodes of acute respiratory infection in the same child were considered independent if they were separated by 3 or more symptom-free days. We used multiple logistic regression to examine the relation between exposure and risks of AURI and ALRI in a given 2-week period of follow-up, while accounting for other risk factors. Age was included in all models to account for the matching design. Sex, birth weight, numbers and ages of siblings, mother's age, crowding (number of people per sleeping room), breastfeeding (yes/no), nutritional status (weightfor-age score), socioeconomic status (mother's education and household income), previous episodes of acute respiratory infection, and passive smoking (presence of a smoker in the household) were evaluated as potential confounders. Only variables that were significantly associated with risks of ALRI and AURI (P < 0.05) or that confounded the exposure-disease association were retained in the final models.
To account for the effect of repeated observations and multiple ALRI episodes occurring in the same child, we conducted logistic regression analyses of all ALRI episodes using generalized estimating equations (30) and logistic regression restricted to the follow-up time contributed by each child up to the first ALRI episode, or up to the end of followup if no episode occurred. To estimate the absolute impact of charcoal exposure on ALRI risk, we calculated the fraction of cases that would not have occurred in the absence of exposure (attributable fraction) (31) . We conducted a similar analysis for AURI episodes. All analyses were conducted in SAS (32) and Stata (33).
RESULTS
We followed 201 children from households using charcoal at baseline and 214 children from households using propane gas at baseline. Sixty children (14.5%) were lost to follow-up, but the losses did not differ appreciably by exposure status (15.4% in the charcoal group and 13.6% in the gas group) or by child's age, sex, nutritional status, or crowding (data not shown). We completed a total of 7,218 interviews, corresponding to 276.8 child-years of follow-up (131.7 in the charcoal group and 145.1 in the gas group, by baseline exposure classification), and an average of 18 follow-up visits per child.
Exposed children lived in houses with fewer rooms, and their families had a lower monthly income (Table 1) . They were also more likely to have low birth weight and malnutrition at baseline, to be breastfed, to have an illiterate mother, and to have a mother under 20 years of age. In contrast, the level of crowding and the child's history of vaccination and hospitalization due to respiratory illness were similar in exposed and nonexposed children.
Charcoal-burning cookstoves were typically unvented, with a side opening for adding fuel. Households using charcoal for cooking had higher indoor RPM concentrations than those using gas (geometric mean concentrations of 27.9 lg/m 3 and 17.6 lg/m 3 , respectively; P < 0.01). Further, while households using gas showed little variation in RPM by area sampled, those using charcoal had higher concentrations of RPM in the kitchen than in other household areas (geometric mean concentrations of 38.7 lg/m 3 and 27.3 lg/m 3 , respectively; P < 0.01). The incidence rates of AURI and ALRI were 4.4 and 1.4 episodes/child-year, respectively ( Table 2 ). The incidence of AURI was lowest in the first 6 months of life (2.6 episodes/ child-year) and peaked at 12-17 months of age (4.8 episodes/child-year), whereas ALRI incidence was highest among infants under age 6 months (4.0 episodes/child-year) and progressively declined with increasing age. The incidence of AURI was not significantly associated with either cooking fuel type or personal RPM exposure level. However, the crude incidence of ALRI was significantly higher in children living in charcoal-using households than in children living in gas-using households with all 3 exposure classifications (Table 3) .
When classified by their baseline or follow-up exposure, the incidences of ALRI in children from charcoal-using households were 1.58 (95% confidence interval (CI): 1.29, 1.96) and 1.49 (95% CI: 1.21, 1.84) times higher, respectively, than those in children from households using gas. Similarly, for the overall exposure classification, the crude incidence of ALRI increased with higher levels of charcoal exposure. Specifically, the unadjusted rate ratio was 1.27 (95% CI: 0.97, 1.66) for the ''charcoal/gas'' group and 1.37 (95% CI: 1.09, 1.74) for the ''charcoal only'' group, as compared with the propane gas group (trend test: P ¼ 0.02).
Results from the analysis based on estimated personal RPM exposure also suggested a dose-response relation (Table  4) . Compared with children in the lowest quintile of pollution exposure, the risk of ALRI was increased 15% among those in the second quintile, 43% among those in the third quintile, 53% among those in the fourth quintile, and almost 80% among those in the highest quintile (trend test: P < 0.01).
Logistic regression analyses of ALRI and the various exposure classifications yielded models with similar sets of explanatory variables and parameter estimates (Table 5 ). After adjustment for child's age, nutritional status, and crowding, children living in charcoal-using households had a significantly higher risk of ALRI than children living in gas-using households. The multivariate adjusted odds ratios for baseline and follow-up exposure to charcoal smoke were 1.56 (95% CI: 1.23, 1.97) and 1.34 (95% CI: 1.07, 1.69), respectively. For overall exposure, children in the ''charcoal/ gas'' group were 1.16 (95% CI: 0.85, 1.58) times more likely to develop ALRI, and those in the ''charcoal-only'' group were 1.38 (95% CI: 1.06, 1.81) times more likely to develop ALRI (trend test: P ¼ 0.03). Moreover, exposure to respirable particles resulted in a statistically significant 17% increased risk of ALRI for each 10-lg/m 3 increase in RPM a Derived using a 2-sided chi-square test. b A child was considered not being breastfed when breastfeeding was suspended for at least 3 consecutive follow-up visits.
c Children with weight-for-age scores less than 2 standard deviations from the US National Center for Health Statistics mean (50) were considered malnourished. Abbreviations: CI, confidence interval; RR, rate ratio. a Children exposed to propane gas were used as the reference group. b Number of episodes/child-year.
Assuming that the observed association between charcoal smoke exposure and ALRI is causal (21) and that wood smoke exposure and charcoal smoke exposure have similar respiratory effects, we estimate that 18.2% (95% CI: 15.4, 20.9) of ALRI cases in children under 2 years of age in this population could be prevented by eliminating this exposure.
DISCUSSION
In this cohort study, we found that children living in households where charcoal was used for cooking had a significantly higher risk of ALRI than children living in households where propane gas was used. Further, we found that charcoal-using households had higher concentrations of RPM than those using gas and that ALRI risk increased progressively with increasing RPM exposure level. The incidence of ALRI in our study (1.4 episodes/child-year) was within the range of the 0.9-3.8 episodes/child-year observed in other developing countries (35) .
Our findings are consistent with those from a recent metaanalysis of studies on solid fuel smoke and ALRI in children (odds ratio ¼ 1.78, 95% CI: 1.45, 2.18) (36), as well as previous cohort studies that used indirect exposure measures to evaluate the effect of wood smoke (37, 38) . In those studies, children who were exposed to wood smoke were 2.28 times more likely to suffer severe episodes of acute respiratory infection (95% CI: 1.70, 3.05; our calculations). However, our estimates of the effect of charcoal smoke exposure on ALRI incidence are lower than those from previous wood-smoke studies. One possible explanation for this contrast is differences in accounting for potential confounders. For example, incomplete control of confounding by poverty and other factors associated with use of biomass fuels (21) could result in overestimation of the effect of wood smoke on ALRI. In our study, comparison groups came from the same low-income neighborhood, and we accounted for apparent differences in socioeconomic status (mother's education, average household income, and quality of household building materials). A likely and potentially more important explanation is that charcoal combustion emits considerably less smoke and should therefore result in less exposure and lower ALRI risk than combustion of other biomass fuels (7, 39) .
The exact mechanism by which biomass smoke increases risk and severity of ALRI in young children remains unclear. The effect may be mediated in part by inhalation and deposition of particulate matter in the lower, nonciliated region of the respiratory tract. Particulate matter is a complex mixture of organic compounds similar to those found in tobacco smoke (18) , which has been shown to cause depressed immune system responses (40) . In particular, particulate matter may increase the attachment of bacteria to the respiratory mucosa and reduce resident macrophage bactericidal activity (41) and chemotaxis movement (40, 42) . Further, charcoal smoke inhalation may lead to the deposition of larger particles in the conducting airways, resulting in inflammation and impaired mucociliary activity (43, 44) and thus a reduction of lung clearance capacity that could occur hours or days after an acute exposure. Notably, the results of our study suggest that both short-and longterm effects of particulate matter on ALRI are likely, given that children in households using charcoal were more likely to develop ALRI for ''baseline'' and ''overall'' exposure, which indicates long-term effects, as well as for ''follow-up'' exposure, which suggests short-term effects.
Potential sources of bias should be taken into consideration while interpreting our findings. Approximately 15% of the children in our cohort were lost to follow-up. However, it is unlikely that selection bias resulted from these losses, since they were not associated with exposure status or other risk factors for acute respiratory infection. Moreover, we used multiple regression analysis to account for the potentially confounding effects of known risk factors for acute respiratory infection, such as sex, nutritional status, crowding, and mother's age and education.
Nondifferential errors in measurement of RPM exposure probably occurred as a consequence of errors in estimating the average amount of time each child spent in each microenvironment. Similarly, children living in households where gas was used may have been exposed to charcoal smoke on occasion and vice versa. It is unlikely, however, that exposure misclassification resulted in a spurious association, since its effect would have been to lessen between-group differences in actual exposure and therefore attenuate an association between charcoal smoke and ALRI. Further, the consistency of the results for the various exposure classifications suggests that the observed association was unlikely to have been due to measurement error.
Differential ascertainment of acute respiratory infection could have occurred if knowledge of the child's exposure status influenced parents' recall of respiratory signs or the quality of interviews and health examinations conducted by the field-workers. We attempted to control for this by 1) standardizing the collection of information on respiratory signs and symptoms, 2) collecting information on respiratory signs and symptoms biweekly to minimize recall errors, and 3) eliciting information on respiratory signs and symptoms rather than allowing the field-workers to diagnose cases of acute respiratory infection.
Our study showed strong and significant respiratory effects from charcoal smoke at much lower pollution concentrations than in many other studies conducted in developing countries. The RPM levels associated with charcoal use in our study were considerably lower than the levels of PM 7.1 (particulate matter with an aerodynamic diameter less than or equal to 7.1 lm) reported for households burning charcoal (mean PM 7.1 level ¼ 543 lg/m 3 ) in Maputo, Mozambique (3) and the levels of PM 10 (particulate matter with an aerodynamic diameter less than or equal to 10 lm) reported for charcoal-burning stoves in rural Kenya (45) . This may be attributable to differences in stove type, cooking practices, ventilation, presence of tobacco smoke, and ambient pollution levels and to differences in sampling methods. The average RPM level found in charcoal-using households in our study (27.9 lg/m 3 ) was similar to the concentration of PM 10 reported in households with 1 smoker in the United States: 24.4 lg/m 3 (46) . Incidentally, the effect of charcoal smoke exposure on ALRI observed in our study (odds ratio ¼ 1.56) coincides with the effect of passive smoking on lower respiratory illness in children under age 2 years derived from a meta-analysis of 24 studies conducted in both developed and developing countries (odds ratio ¼ 1.57, 95% CI: 1.40, 1.77) (47) .
Our findings support the results of previous studies suggesting that particulate matter is the pollutant(s) most likely to be associated with the observed respiratory effects. More recent studies of air pollution have focused on fine particulate matter (particulate matter with an aerodynamic diameter less than or equal to 2.5 lm (PM 2.5 )). Combustion of solid fuels such as charcoal primarily produces fine particulate matter. Respirable dust sampling, used in this study, is designed to collect data on particulate matter that deposits in the respiratory epithelium and is more commonly used in occupational studies. There are likely to be minor differences in particle mass concentrations between PM 2.5 and PM 4 air samples in these environments. If the observed association between charcoal smoke and ALRI is causal, then controlling exposure to indoor biomass smoke will help reduce the risk of ALRI in young children. In the long run, minimizing exposure might be best achieved by transitioning to cleaner-burning fuels. Carefully conducted observational studies show that the largest exposure reduction (~90%) could be achieved by transitioning from wood to charcoal (39) . However, charcoal use may be more environmentally damaging, since traditional production techniques convert just 20%-25% of wood to charcoal. Further, the lower exposure levels achieved with charcoal still increase ALRI risk in young children by over 50% in comparison with propane gas.
In light of the economic constraints in many developing countries, more practical approaches than changes in fuel type can be implemented in the short term. These include educating child caregivers on the importance of keeping small children away from the cooking hearth or stove, encouraging ventilation, and increasing the availability and appropriate use of high-efficiency, low-emission cookstoves (18, 48) . Unfortunately, wood stoves may provide limited benefit in preventing ALRI in young children, since they reduce pollution exposure to levels that are still at least an order of magnitude higher than those observed in our study (45, 49) .
